In the earliest stages of metastasis, breast cancer cells must reorganize the cytoskeleton to affect cell shape change and promote cell invasion and motility. These events require the cytoskeletal regulators Cdc42 and Rho, their effectors such as N-WASp/WAVE, and direct inducers of actin polymerization such as Arp2/3. Little consideration has been given to molecules that shape the cell membrane. The F-BAR proteins CIP4, TOCA-1, and FBP17 generate membrane curvature and act as scaffolding proteins for activated Cdc42 and N-WASp. We found that expression of CIP4, but not TOCA-1 or FBP17, was increased in invasive breast cancer cell lines in comparison with weakly or noninvasive breast cancer cell lines. Endogenous CIP4 localized to the leading edge of migrating cells and to invadopodia in cells invading gelatin. Because CIP4 serves as a scaffolding protein for Cdc42, Src, and N-WASp, we tested whether loss of CIP4 could result in decreased N-WASp function. Interaction between CIP4 and N-WASp was epidermal growth factor responsive, and CIP4 silencing by small interfering RNA caused decreased tyrosine phosphorylation of N-WASp at a Src-dependent activation site (Y256). CIP4 silencing also impaired the migration and invasion of MDA-MB-231 cells and was associated with decreased formation of invadopodia and gelatin degradation. This study presents a new role for CIP4 in the promotion of migration and invasion of MDA-MB-231 breast cancer cells and establishes the contribution of F-BAR proteins to cancer cell motility and invasion. Cancer Res; 70(21); 8347-56.
Introduction
Invasive breast cancer cells acquire a migratory phenotype atypical of epithelial-type cells. This phenotype correlates with the formation of specialized structures such as lamellipodia and invadopodia, which are formed by a highly dynamic cytoskeleton. These structures are largely under the control of Src kinases, Rho GTPases, and their effector proteins. Rho GTPases (Rho, Rac, and Cdc42) comprise a group of small G proteins that cycle between inactive, GDP-bound and active, GTP-bound states. Once activated, they regulate a variety of effector proteins involved in cytoskeletal reorganization. Activation of RhoA causes bundling of existing actin filaments into stress fibers and the activation of myosin to generate contractile forces. In contrast, Rac and Cdc42 stimulate the production of highly branched actin filaments that are characteristic of lamellipodia (1) . N-WASp is a ubiquitously expressed form of the Wiskott-Aldrich syndrome protein (WASp) and links Cdc42 to the Arp2/3 complex to stimulate actin polymerization (2) . N-WASp activation is complex and includes the binding of phosphatidylinositol 4,5-bisphosphate to a conserved basic region. Association of GTP-bound Cdc42 with N-WASp causes it to change its configuration (3) . Once in its open conformation, N-WASp can then bind to Arp2/3, promoting actin nucleation (3) (4) (5) (6) . N-WASp is also subject to phosphorylation by Src family kinases at Tyr 256 , which occurs only when N-WASp is in an open conformation and provides a mechanism for "memory" of activation (7) . N-WASp also contains a proline-rich motif that serves as a docking site for SH3-containing proteins such as the Cdc42-interacting protein 4 (CIP4; refs. 8, 9) .
CIP4 was originally identified in yeast two-hybrid screens for proteins that interacted with the activated forms of Cdc42 or Src kinase (8, 9) . It was initially classified as a member of the PCH (pombe Cdc15 homology) family of proteins because of its NH 2 -terminal FER-CIP4 homology (FCH) domain, coiled-coil region, and COOH-terminal SH3 domain (8) (9) (10) (11) . The coiled-coil region is classified as a BAR (Binamphiphysin-Rvs) domain. In tandem, the FCH and BAR regions comprise the F-BAR domain, which is shared in the family of CIP4, FBP17, and TOCA-1. The F-BAR region, the site of dimerization between CIP4 molecules, forms a curved structure that is associated with the tubulation of membranes and membrane concavity (12, 13) . The cellular function of the F-BAR proteins has been most often described in conjunction with the formation of endocytic vesicles (14) (15) (16) (17) (18) , where proteins such as CIP4 interact with N-WASp and dynamin to promote the curvature and scission of the budding vesicle (15, 17) .
Cytoskeletal rearrangement is required for the migration and invasion of malignant cells (19) . Invasive cancer cells escape from the primary tumor by forming invadopodia, protrusions into the surrounding matrix associated with concentrated matrix degradation, and complex rearrangement of the actin cytoskeleton (20, 21) . In contrast to the flat, branched structure of lamellipodia, invadopodia are fingerlike projections supported by bundles of actin, similar to the podosomes of hematopoietic cells (20, 21) . Several cytoskeletal-associated proteins are enriched at invadopodia during the early stages of their development, including Cdc42 and N-WASp (22, 23) . Signaling and adhesion molecules such as Src, epidermal growth factor receptor (EGFR), focal adhesion kinase, and integrins are also found at invadopodia (21) . These structures function as sites of concentrated protease secretion, allowing them to degrade the extracellular matrix and facilitate cellular migration through a basement membrane (24) (25) (26) . The in vitro formation of invadopodia correlates with metastasis in vivo and can be visualized by growing cells on a gelatin matrix (24, 27) . Expression and activation of both Cdc42 and N-WASp are critical to the formation of invadopodia (22, 28) . EGF stimulation promotes the formation of invadopodia, presumably through this Cdc42-N-WASp pathway (22, 28) . Although GTP-Cdc42 alone is an activator of N-WASp (3), scaffolding proteins such as TOCA-1 are able to promote their interaction and stimulate more potent N-WASp activation (16, 29) .
Invadopodia formation in the basal-type breast cancer cell line MDA-MB-231 has been well documented (20, 21) . In this study, we show that the strongly invasive MDA-MB-231 breast cancer cells express unusually high levels of CIP4 and that in vitro migration and invasion are strictly dependent on CIP4 expression. Furthermore, because CIP4 overexpression was not observed in other weakly invasive breast cancer cell lines, these data suggest that CIP4 overexpression may contribute to the metastatic phenotype. This work advances a novel role for CIP4 in promoting the invasive capacity of breast cancer cells, suggesting a more complex role for F-BAR proteins in cytoskeletal reorganization.
Materials and Methods

Cell culture
Cell lines were provided by Drs. Gordon Mills and Janet Price (M.D. Anderson Cancer Center). All cell lines were grown at 37°C and 5% CO 2 . MDA-MB-231 cells were maintained in DMEM/F12 medium (Invitrogen) supplemented with 10% FCS (Hyclone), 100 units/mL penicillin, and 100 μg/mL streptomycin. MCF7, T47D, SKBR3, Hs578T, and 293T cell lines were maintained in high-glucose DMEM (Invitrogen) supplemented with 10% FCS, 100 units/mL penicillin, and 100 μg/mL streptomycin. MCF10a cells were cultured as previously described (30) . MDA-MB-231 cell line was validated by short tandem repeat (STR) DNA fingerprinting using the AmpFlSTR Identifiler kit according to the manufacturer's instructions (Applied Biosystems). The STR profiles were compared with known American Type Culture Collection fingerprints (http://ATCC.org), with the Cell Line Integrated Molecular Authentication database (CLIMA) version 0.1.200808 (http://bioinformatics.istge.it/clima/; Nucleic Acids Research 37:D925-D932 PMCID: PMC2686526), and with the M.D. Anderson fingerprint database. The STR profiles matched known DNA fingerprints or were unique.
Antibodies and reagents
Commercially available antibodies used were as follows: CIP4 (Becton Dickinson), FBP17 (Abcam), glyceraldehyde-3phosphate dehydrogenase (GAPDH; Cell Signaling), cortactin (Upstate), N-WASp (ECM Biosciences and Santa Cruz Biotechnology), tetramethylrhodamine isothiocyanate (TRITC)phalloidin (Molecular Probes), and Cy3 and Cy5 secondary antibodies (Jackson ImmunoResearch). The TOCA-1 monoclonal antibody was provided by Dr. Giorgio Scita (The FIRC Institute for Molecular Oncology, Milan, Italy; refs. 31, 32) . Recombinant human EGF was purchased from Invitrogen.
Real-time PCR
mRNA was extracted from subconfluent cells with Trizol reagent (Invitrogen), treated with DNase (Invitrogen), and transcribed to cDNA with an iScript cDNA Synthesis kit (Bio-Rad). Real-time PCR amplification reactions were carried out with iQ SYBR Green reagent (Bio-Rad) and a MyiQ Color Real-Time PCR Detection System (Bio-Rad). Values for each gene were normalized to actin. Probes specific to human CIP4, TOCA-1, FBP17, and actin were designed as follows: CIP4, 3′-CAGCGAAAACGGCTTCAA-5′ (forward) and 5′-GTCCCCCATCTGAGGTGTCT-3′ (reverse); TOCA-1, 3′-TGGATGCCAAAACCACAGTA-5′ (forward) and 5′-CTG-GTGGCAGATGACTGAAA-3′ (reverse); FBP17, 3′-GGAAG-TGCCTGGATGGAATA-5′ (forward) and 5′-CGCTTCATTG-GCTGAGTGTA-3′ (reverse); actin, 3′-ATAGCACAGCCTGGA-TAGCAA-5′ (forward) and 5′-CACCTTCTACAATGAGCTGCG-3′ (reverse).
RNA interference-mediated knockdown
MDA-MB-231 or 293T cells were transiently transfected with 10 nmol/L CIP4-or N-WASp-directed or nontargeting small interfering RNA (siRNA; Qiagen) using the HiPerFect transfection reagent (Qiagen). Both CIP4-directed siRNAs used target all known isoforms of CIP4. After 72 hours, cells were replated for the appropriate assay.
Immunoprecipitation and immunoblotting
Cells were grown in complete medium overnight, treated with 100 ng/mL of human EGF for 1 to 30 minutes at 37°C, washed with cold PBS, collected by scraping, and lysed (1% NP40 buffer with 10% glycerol, 50 mmol/L Tris-Cl, 150 mmol/L NaCl, 50 mmol/L NaF) supplemented with 1 mmol/L EDTA, 1 mmol/L phenylmethylsulfonyl fluoride, 1 mmol/L Na 3 VO 4 , and protease inhibitor cocktail (Sigma). After standardizing protein concentration, as determined by a Bradford protein assay, samples were either prepared for loading on SDS-PAGE or incubated with the appropriate antibody and immunoprecipitated with protein G-Sepharose beads (Sigma) overnight. Immune complexes were denatured by boiling in Laemmli buffer, resolved by SDS-PAGE, and transferred to Immobilon-P transfer membranes (Millipore Corp.). Membranes were blocked overnight with 5% nonfat milk or bovine serum albumin (BSA) in PBS with 0.1% Tween 20. Blots were incubated with primary and then secondary antibodies for 1 hour each at room temperature or 37°C. Immunoreactive bands were visualized using enhanced chemiluminescence (Amersham). All membranes were then incubated with stripping buffer (Pierce) for 30 minutes at 37°C, reblocked, and reprobed for GAPDH as a loading control. Densitometric analysis was performed using the NIH software ImageJ (Mac platform; Bethesda, MD) for normalization.
Immunofluorescence
Cells were grown on glass coverslips, fixed in 3.7% formaldehyde (30 minutes), permeabilized with 0.1% Triton X-100 (5 minutes), and blocked in 1% BSA (30 minutes), each at room temperature. Samples were incubated with mouse α-CIP4 antibody overnight at 4°C, followed by Cy3-or Cy5conjugated anti-mouse and TRITC-phalloidin for 1 hour at room temperature. Cells were refixed in 3.7% formaldehyde. Slides were prepared using ProLong Antifade with 4′,6-diamidino-2-phenylindole (DAPI) mounting medium (Molecular Probes) and imaged with either a Nikon Eclipse TE2000U microscope with MetaMorph imaging software (Molecular Devices) or Nikon A1 Confocal Microscope with Nikon NIS-Elements software.
Invadopodia formation assay
Gelatin was labeled with FITC (Sigma) in 0.1 mol/L bicarbonate buffer (pH 9.0), dialyzed extensively against PBS, and stored at 4°C. FITC-gelatin was cross-linked with 0.5% glutaraldehyde (10 minutes on ice and 30 minutes at room temperature) and reduced with 1 mg/mL sodium borohydride (5 minutes at room temperature). Cells were plated on FITCgelatin-coated dishes in complete medium, allowed to invade for 16 to 20 hours, and then processed as described above. Samples were stained with TRITC-phalloidin. Invadopodia were counted from 6 to 10 random fields in each sample and averaged over multiple experiments. Gelatin degradation was quantified using the Macnification software (Orbicule BVBA).
Cell migration and invasion
Migration was measured by wound-healing assay, in which cells were grown to 80% confluence and streaked with a sterile pipette tip, and the wound width was measured (pixels). Cells were allowed to recover for 24 hours in complete medium, after which the remaining wound width was measured. Invasion assays were performed using Matrigel invasion chambers (BD Biosciences) seeded with 2.5 × 10 4 cells per well. Complete medium was used in both the upper and lower chambers, with or without 100 ng/mL EGF added only to the lower chamber. Cells were allowed to invade for 24 hours through the Matrigel and 8-μm pore membrane, at which point the inserts were removed and the upper side of the membranes was scrubbed. The cells were then fixed in methanol, rinsed in distilled water (1 minute each), air dried, and mounted on slides with ProLong Antifade with DAPI (Molecular Probes). Membranes were visualized with Zeiss epifluorescence microscope to count the number of invading cells in nine random fields per sample.
Fluorescence resonance energy transfer assay
Acceptor photobleaching fluorescence resonance energy transfer (apFRET) was used to quantify the EGF-dependent interactions between CIP4 and N-WASp. All images were recorded using a Zeiss LSM 510 confocal microscope using a 63×, 1.3 numerical aperture objective. apFRET was applied largely as described previously, where bleach settings are defined empirically (33, 34) . Briefly, a cell (MDA-MB-231) expressing YFP-CIP4 and CFP-N-WASp was selected and three regions of interest (ROI) were drawn for YFP bleaching and controls. The large ROI (ROI 3) was scanned 10 times using routine scanning settings. The bleach ROI (ROI 1) region was then bleached at 100% intensity for 1,000 iterations or ∼3 minutes. One ROI (ROI 2) was drawn to measure any potential for off-target bleaching, which accounted for <1% of changes in YFP and CFP. Following the bleach, 10 more scans were taken using the prebleach settings. The FRET efficiency (increase in CFP on YFP bleaching) was calculated using the following equation:
Control experiments were performed to validate the ap-FRET protocol. These included vector controls (CFP and YFP) cotransfected with either YFP-CIP4 or CFP-N-WASp, respectively. In these control experiments, the false-positive increase in CFP or CFP-N-WASp on bleaching YFP-CIP4 or YFP, respectively, ranged from 1% to 6%.
Results
CIP4 is highly expressed in invasive breast cancer cell lines
To determine the relative expression levels of CIP4 in invasive versus noninvasive breast cancer cell lines, we examined whole-cell lysates of five well-characterized cell lines. By previous studies, MDA-MB-231 and Hs578T cells are highly invasive through in vitro Boyden chamber assays, whereas MCF7, T47D, and SKBR3 cells are only weakly invasive (35) . Immunoblotting showed that CIP4 protein expression was higher in the invasive cell lines (Fig. 1A ). CIP4 expression in the noncancerous mammary epithelial cell line MCF10a was comparable with the low levels in MCF7 and T47D cells (data not shown). There was no increase in FBP17 or TOCA-1 expression with increasing breast cancer invasiveness. Densitometric quantification comparing MDA-MB-231 with MCF7 and T47D showed significantly more CIP4 in the invasive line ( Fig. 1B ; P = 0.004 and P = 0.046, respectively). Multiple isoforms of CIP4 that lack a functional SH3 domain have been identified in other cell lines (9, 11) . Western blotting indicates that CIP4a, the ubiquitously expressed isoform, is the predominant protein found in the breast cancer cell lines in this study, although there is evidence of alternative splice forms by reverse transcription-PCR (data no shown).
We corroborated the elevated CIP4 protein level by quantifying the transcript levels of each CIP4 family member using quantitative PCR. CIP4 mRNA was also significantly increased in the MDA-MB-231 cells (Fig. 1C) . Average CIP4 transcript expression was 6.3-fold higher in MDA-MB-231 cells compared with MCF7 (P = 0.009) and 2.8-fold higher versus T47D (P = 0.026). Transcript levels of TOCA-1 and FBP17 did not correlate with the protein expression profiles. Therefore, we chose to investigate the unique profile of CIP4 expression with respect to cellular invasion. The MDA-MB-231 cell line is classified as triple negative, lacking the estrogen receptor, progesterone receptor, and HER2, which is associated with more aggressive, invasive disease (36) . Bioinformatic analysis of 46 well-characterized breast cancer cell lines (35) showed that CIP4 was increased in triple-negative cell lines versus breast cancer cells of other biomarker status ( Supplementary Fig. S1 ; P = 1.03 × 10 −7 ). No significant difference was found in the expression of FBP17 (P = 0.098) or TOCA-1 (P = 0.983).
CIP4 associates with the plasma membrane via its F-BAR domain, which contributes to its function. We compared the localization of endogenous CIP4 in the highly invasive MDA-MB-231 cell line with its localization in the weakly invasive MCF7 and noncancerous MCF10a cell lines (Fig. 1D) . Although all three lines showed diffuse cytoplasmic staining, only the MDA-MB-231 cells accumulated CIP4 at the cell membrane. This was especially evident at lamellipodia (arrows). MCF7 and MCF10a cells had very little or no CIP4 at the cell periphery.
CIP4 promotes cellular migration
Because CIP4 controls cytoskeletal organization, we next examined whether its expression was critical to the motile phenotype of MDA-MB-231 cells. In actively migrating cells, the endogenous CIP4 was enriched at the leading edge of the cell, suggesting a role in cell migration ( Fig. 2A ). Using siRNA directed at CIP4, we successfully inhibited the expression of CIP4 after 72 hours (Fig. 2B) . The siRNA sequences used in this study target all known isoforms of CIP4 (data not shown). We then performed wound-healing assays as a measure of two-dimensional migration. By measuring the width of the wound at t 0 and t 24h , we found that MDA-MB-231 cells treated with CIP4-directed siRNA had a significant loss of migration compared with cells treated with a nontargeting, control siRNA ( Fig. 2C ; P < 0.0001). Effects of CIP4 knockdown on MDA-MB-231 migration were not due to incidental changes in cell proliferation ( Supplementary Fig. S2 ). Thus, these data indicate that CIP4 expression is required for MDA-MB-231 motility.
CIP4 controls N-WASp activation in response to EGF
Cdc42-mediated activation of N-WASp can occur downstream of EGF stimulation (37, 38) . Because CIP4 interacts with Cdc42 (8) and localizes with EGFR-containing vesicles (32), we investigated the role of CIP4 in the EGF-dependent activation of N-WASp. After EGF stimulation of MDA-MB-231 cells, we observed a sharp increase in the interaction between endogenous CIP4 and N-WASp by coimmunoprecipitation occurring at a very short time point (around 1 minute; Supplementary Fig. S3A ). To confirm this effect and investigate the dynamics at faster time points, we used ap-FRET to analyze MDA-MB-231 cells transfected with YFP-CIP4 and CFP-N-WASp. apFRET uses photobleaching to eliminate energy transfer from donor (CFP-N-WASp) to acceptor (YFP-CIP4). Subsequently, the intensity of CFP-N-WASp increases, indicating the magnitude of donor radiation at the acceptor frequency and the extent of interaction between the two fluorophores. By this method, we also observed a rapid, transient increase in FRET efficiency between CIP4 and N-WASp after EGF stimulus ( Fig. 3A ; Supplementary Fig. S3B ). Because the Y256 site of N-WASp, which is analogous to the Y291 site in WASp, can only be phosphorylated in the open conformation (7, 39, 40) , we used the phosphorylation status of this site as a surrogate marker for N-WASp activation. In control cells, EGF stimulus increased the phosphorylation of N-WASp at this site at 1 minute (Fig. 3B ). Knockdown of CIP4 decreased the basal level of N-WASp phosphorylation in both MDA-MB-231 cells (Fig. 3C ) and EGF-stimulated 293T cells ( Supplementary Fig. S4 ). This indicates that CIP4 contributes to EGF-dependent activation of N-WASp.
CIP4 is required for maximal invadopodia formation
N-WASp has previously been shown to control invadopodia formation, which is thought to be critical to the ability of cells to traverse the extracellular matrix (22, 41, 42) . Because CIP4 controlled N-WASp activation, we assessed whether it was al-so important for invadopodia formation. MDA-MB-231 cells were plated on thin layers of FITC-labeled gelatin and incubated overnight to allow invadopodia formation. After incubation, the cells were stained for endogenous CIP4 and actin to visualize the invadopodia (Fig. 4A ). Colocalization of punctate actin structures and areas of gelatin degradation indicated an active invadopodia. We found that CIP4 was also enriched at these invadopodia. Z-stack projections of the structures show the localization of CIP4 to the base of the invadopodia (Fig. 4B ) compared with the long projection of actin through the degraded gelatin. Similarly, previous reports have localized N-WASp to the base of the invadopodia (22) .
To determine whether CIP4 played a critical role in invadopodia formation, we first quantified the percentage of cells with invadopodia after treatment with control or CIP4 siRNA. By this metric, there was no significant effect of CIP4 knockdown (data not shown). However, when we measured the distribution of the number of invadopodia per cell in the control versus CIP4-siRNA-or N-WASp-siRNA-treated cells (Fig. 5A) , we observed that the cells with CIP4 knockdown had significantly fewer invadopodia per cell ( Fig. 5B ; P < 0.05), a decrease comparable with that seen with knockdown of N-WASp. To measure the size and function of invadopodia, we quantified the area of gelatin degradation per cell after CIP4 and N-WASp knockdown and found significantly less gelatin lost after treatment ( Fig. 5C ; P < 0.001).
CIP4 promotes invasion of MDA-MB-231 cells in vitro
Having shown that CIP4 was critical to migration and affected invadopodia stability, we next examined whether loss of CIP4 would affect the invasiveness of MDA-MB-231 cells in a Boyden chamber assay. Seventy-two hours after siRNA transfection, the cells were replated onto Matrigel-coated membranes and incubated in complete medium for an additional 24 hours. With two independent CIP4-directed siRNA sequences, we found a significant loss of invasion (P < 0.05 and P < 0.001) compared with the control (nontargeting siRNA) samples (Fig. 6A ). This loss of invasion was comparable with the loss seen with knockdown of N-WASp (P < 0.05) and dasatinib-mediated inhibition of Src kinases (43) , which are both critical components of cellular invasion. Although MDA-MB-231 cells invade efficiently in the absence of any chemoattractant, their rate of invasion is significantly increased by the presence of EGF in the lower chamber. Thus, we also measured the effect of CIP4 knockdown on EGF-stimulated Matrigel invasion. In these assays, we also observed a nearly complete inhibition of EGF response (Fig. 6B ).
Discussion
The acquisition of an invasive phenotype is a hallmark of metastatic cancer and portends a poorer prognosis (44) . Diagnosis of advanced breast cancer represents a severe decrease in 5-year survival (23.3%) compared with localized forms of the disease (98.3%; ref. 45) . "Triple-negative"-type breast cancers, which are associated with a more aggressive disease, are refractory to current targeted therapies against HER2 (36, 46) . Additionally, these tumors often overexpress EGFR, which has been associated with invasiveness and poor patient prognosis (47) . Therefore, therapeutic targeting of cellular invasion could significantly affect the treatment of advanced breast cancer. Several proteins have been associated with a proinvasive phenotype, many of which are linked to the cytoskeletal system, including Src, Cdc42, and N-WASp (43, 48, 49) . The data presented here show that the F-BAR protein CIP4 contributes to the invasive phenotype of MDA-MB-231 breast cancer cells in vitro.
To investigate a potential proinvasive role for CIP4, we evaluated a panel of breast cancer cell lines and showed an increased expression of CIP4, both at the mRNA and protein levels, in the most invasive cell lines (MDA-MB-231 and Hs578T; Fig. 1 ), representative of the triple-negative breast cancer subtype (35, 46) . Gene expression of a larger data set confirmed a statistically significant increase in CIP4 expression (but not FBP17 or TOCA-1) in triple-negative breast cancer cell lines ( Supplementary Fig. S1 ). In contrast to the noninvasive (MCF7) and noncancerous (MCF10a) cell lines, the invasive MDA-MB-231 cells showed a high concentration of CIP4 at the plasma membrane, especially at the dynamic ruffled edges of both resting and actively migrating cells ( Figs. 1 and 2) . Furthermore, depletion of CIP4 in MDA-MB-231 cells significantly impaired cellular migration across a cell culture surface (Fig. 2) , supporting our hypothesis that CIP4 promotes cell motility.
The F-BAR family of proteins, which are characterized by their curved, amphipathic helix, or BAR domains (12, 13) , has not been previously implicated in the migration or invasion of cancer cells. Whereas the F-BAR domain of CIP4 mediates its interaction with the plasma membrane, CIP4 also interacts with the cytoskeletal regulatory proteins Cdc42 (8) , N-WASp (15) , and Src family kinases (9) . As a scaffolding protein, CIP4 may provide a link between areas of membrane curvature and localized actin remodeling (8) . By showing the role of CIP4 in N-WASp phosphorylation, we propose a mechanism by which CIP4 targets N-WASp activation to segments of curved membrane to induce or reinforce actin remodeling at endocytic pits, lamellipodia, and invadopodia. N-WASp serves as a major effector for the Rho GTPase Cdc42, mediating Cdc42-dependent Arp2/3 activation and actin polymerization (2) (3) (4) (5) (6) . Previously, Ho and colleagues (50) showed that TOCA-1, a related F-BAR protein, strengthens the Cdc42-mediated activation of N-WASp, resulting in increased actin polymerization in fluorescence-based, cellfree assays. We hypothesized that CIP4 may function through a similar mechanism, stabilizing the activation of N-WASp to promote cellular motility. Because N-WASp activation at the plasma membrane is increased downstream of EGF (22) , we investigated whether the interaction between CIP4 and N-WASp might also be responsive to EGF stimulation. Through coimmunoprecipitation and apFRET microscopy, we determined the EGF-dependent interaction kinetics between CIP4 and N-WASp. Consistent with immunoprecipitation results (Fig. 3) , apFRET specifically detected a constitutive interaction between N-WASp and CIP4 that was rapidly increased (<1 minute) by EGF (I FRET = +5%) with a monotonic decrease in interaction (I FRET = −9%), eventually returning to basal levels ( Supplementary Fig. S3B ). Recent studies have indicated periodic activity of N-WASp during clathrinmediated endocytosis (51) that coincides with rapid activation of N-WASp, as observed by an N-WASp FRET biosensor (22) . We further showed that CIP4 stabilizes the phosphorylation of N-WASp (Y256), indicative of N-WASp activation, both basally and in response to EGFR activation (Fig. 3) . Although phosphorylation on Y256 is not a direct measure of N-WASp activation, this site is only accessible to Src kinases when N-WASp is in the open, or active, conformation. Previous studies have shown a close correlation between Y256 phosphorylation and N-WASp activation (7, 29, 40) . One possible mechanism is that CIP4 relieves the inhibition of N-WASp, as has been shown for TOCA-1 (50) .
Both N-WASp and Cdc42 are critical to the formation of invadopodia, which are specialized cytoskeletal structures that combine localized actin protrusion with matrix metalloproteinase (MMP) secretion to degrade extracellular matrices and allow invasion (21, 28) . The formation of these invasive structures has been linked to localized EGFR activation and presumably requires the Cdc42-N-WASp pathway (37, 42) . As a potential mechanism for CIP4 in promoting the proinvasive phenotype, we examined whether CIP4 was also involved in the structure or function of these invasive structures. We showed that CIP4 is localized to active invadopodia through immunofluorescence microscopy of MDA-MB-231 cells grown over a thin FITC-gelatin layer (Fig. 4A and B) . No members of Figure 6 . CIP4 expression is required for invasion of MDA-MB-231 cells in vitro. A, cells were transfected with control (nontargeting) siRNA or siRNA specific for CIP4 or N-WASp, grown for 72 h, replated on Matrigel-coated Boyden chambers, and allowed to invade for an additional 24 h before membranes were collected, and invading cells were counted in nine fields per membrane. Representative images are shown. B, Matrigel invasion assay was performed with or without EGF (100 ng/mL)-supplemented medium in the lower chamber. Columns, average of two independent experiments; bars, SD. **, P < 0.05; ***, P < 0.001. the F-BAR family have previously been implicated in the formation of invadopodia.
Although CIP4 depletion did not significantly affect the number of invadopodia-positive cells, the average number of invadopodia within individual cells was decreased, suggesting a role for CIP4 in the formation or stability of invadopodia (Fig. 5A) . Additionally, we observed a decrease in gelatin degradation per cell, a measure of invadopodial size, with loss of CIP4 (Fig. 5B) . Stable, mature invadopodia degrade large holes in the gelatin layer, whereas small, unoccupied holes indicate the formation and dissolution of unstable invadopodia. The decrease in degradation suggests impairment in the function of invadopodia in the absence of CIP4. Using an ELISA assay, we detected a 28% decrease in the secretion of MMP-9, a gelatin-specific metalloproteinase associated with invadopodia, on depletion of CIP4 (data not shown). This effect, however, was small in comparison with the loss of invadopodia and unlikely to account for the overall defect in invadopodia formation.
Although CIP4 promotes the formation of invadopodia, it was critical that we establish a functional role for CIP4 in cellular invasion. Therefore, we investigated whether CIP4 depletion affected the invasiveness of MDA-MB-231 cells through Matrigel-coated Boyden chamber assays. We found that CIP4 loss severely abrogated the spontaneous invasion (80% decrease) of MDA-MB-231 cells in vitro (Fig. 6A) , comparable with the degree of inhibition seen with N-WASp depletion. Additionally, loss of CIP4 prevented any significant increase in invasion toward EGF (Fig. 6B) in the same Boyden assay, supporting the hypothesis that CIP4 promotes invasion through interaction with the Cdc42-N-WASp pathway.
Many previous studies have shown the association between membrane curvature and F-BAR-containing proteins (13, 17, (52) (53) (54) (55) . Takano and colleagues (54) proposed a mechanism for TOCA-1 and FBP17 by which F-BAR proteins facilitate actin polymerization in a membrane curvature-dependent manner. Their model shows electrostatic repulsion between the membrane-bound F-BAR domain and acidic residues adjacent to the SH3 domain confer, which creates a spring-like scaffolding structure and facilitates the activation of N-WASp. Based on the results we present in this study, we propose a similar mod-el for CIP4 in which CIP4 stabilizes the open conformation of N-WASp specifically at areas of membrane curvature. Through this mechanism, CIP4 could promote the formation of invadopodia and the resulting cellular invasion.
In summary, this study shows a novel role for F-BAR proteins in the migration and invasion of cancer cells. Our work shows that CIP4 is required for the phosphorylation of N-WASp in response to EGF, which would regulate the activation of Arp2/3 and subsequent actin polymerization. We have shown that CIP4 not only localizes to invadopodia but also affects their formation and function in invasive breast cancer cells, leading to cellular migration and invasion in vitro. The structure of CIP4 suggests that it functions as a scaffolding protein to target actin polymerization to areas of membrane curvature by integrating N-WASp regulation with F-BAR-mediated membrane curvature. Through this mechanism, CIP4 overexpression may contribute to the invasive phenotype of triple-negative, EGFR-positive breast cancers. These results support the further investigation of CIP4 as a potential biomarker for invasive breast cancers.
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